






The formation and subsequent growth of nanoparticles in atmospheric 
environment (i.e. new particle formation; NPF) has a significant impact on the balance 
of solar energy reaching the Earth’s surface, and it also has indirect effect as cloud 
nuclei. For these reasons, the basic understanding of NPF processes has become an 
important issue and many field campaigns have been conducted in various 
environments such as forest, coastal regions and urban areas. However, experimental 
data is limited for NPF process in East-Asia region, where the long-range transport of 
polluted air mass takes place occasionally. In order to understand the correlation 
between NPF and long-range transport of pollutants in East-Asia region, in this study, 
field observations were carried out at Fukue Island (128.7°E, 32.8°N) located in the 
south western boundary of Japan. The first field observation was conducted during 9 to 
16 March, 2012 using a scanning mobility particle sizer (SMPS) which measures the 
size distribution ranging from 14 to 640 nm. From observation results, NPF events 
exhibited unique features, i.e., NPF event with/without pre-existing particles depending 
on the pollution level of air mass originated in East-Asia region. However, it is 
necessary to detect the particles smaller than 14 nm to clarify characteristics of NPF 
including particle nucleation rate (formation rate) and particle growth rate in the initial 
stage of the NPF. Therefore, additional field observations were conducted in February 
and November 2013 using a SMPS equipped with nano-differential mobility analyzer 
(nano-DMA), which can classify nanoparticles as small as 3 nm. The results showed 
that the onset time of NPF event was slightly earlier than a peak of UV irradiation, and 






NPF events were observed eight times in February and four times in November, 2013. 
The initial particles diameter of size distribution recorded in February were smaller than 
those observed in November. It is possible that the NPF observed in November occurred 
in the upstream region before reaching to Fukue Island. In order to investigate the 
formation condition of new particles, it is necessary to measure the nanoparticles of 
nuclei with diameter smaller than 3 nm generated in the earliest stage of the NPF.  
For this purpose, the optimization of operating condition of the new 
nanoparticle counter, particle size magnifier (PSM), was conducted. Diethylene glycol 
was used as working fluid under lower temperature condition. The results showed that a 
lower operating temperature reduced the minimum detection diameter of PSM and it 
was 2.2 nm having 50% counting efficiency under lowest temperature condition. In 
addition, molecular ions as small as 1 nm could be detected at lowest temperature 
condition. Consequently, the PSM optimized in this study can accurately measure the 
number concentration and size distribution of particles as small as 2 nm and can be used 
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Typical NPF event measured by a differential mobility particle sizer 
(DMPS) in Hyytiala boreal forest in Finland (Boy and Kulmala, 2002). 
Contour plot show the particle concentration as a function of time and 
particle size. Between 09:00 and 12:00 a large amount of particles were 
newly formed and grow to sizes of about 50 nm. 
Diurnal variation of size distribution and total number concentration at 
(A) clean (Antarctica) and (B) polluted area (New Delhi) (Kulmala et al., 
2005). 
Size-dependent growth rates for particles below 5 nm diameter obtained 
by a particle size magnifier (PSM), a chemical ionization mass 
spectrometer (CIMS), a chemical ionization with the atmospheric 
pressure interface time-of-flight mass spectrometer (CI-APi-TOF) and a 
neutral cluster and air ion spectrometer (NAIS) (Kulmala et al., 2013). 
Average diurnal cycle of formation rates of J1.5, J2.0 and J3.0 atmospheric 
aerosol particles (or clusters) and J1.5 negative- and positive-ion clusters 
at NPF event days (A) and non-event days (B) (Kulmala et al., 2013). 
Illustration of homogeneous and heterogeneous nucleation. 
Location of the Fukue Island supersite (32.8°N, 128.7°E). 
Schematic diagram of the measuring system used in this study. The 
sampling port is located at 4m height and the sampling line is settled 
vertically in the actual system. 
 
 


























Variations of particle number size distribution and meteorological data 
observed in Fukue Island from 9 to 16 March: (a) particle size 
distribution (14 ~ 640 nm), (b) T, RH, solar flux and precipitation, (c) 
wind direction and velocity. 
Particle size distributions (14<Dp<640 nm), particle number 
concentrations (Dp>3 nm), concentrations of SO2 and BC, and mass 
concentrations of particle component (Dp>50 nm) on 11 March, 2012. 
Results of air mass trajectory at 500 m altitude for 3 days during the 
particle formation and transport event in Fukue Island. The time 
difference between UTC and local time is 9 hours. 
Trimodal distribution with mode diameter around 20 nm, 60 nm and 150 
nm observed at noon on 11 March, 2012. 
Particle size distributions (14<Dp<640 nm), particle number 
concentrations (Dp>3 nm), concentrations of SO2 and BC, and mass 
concentrations of particle component (Dp>50 nm) from 12 to 13 March, 
2012. 
Variations of (a) the particle size distributions measured by the WPS and 
the nano-SMPS, (b) the particle number concentrations measured by the 
W-CPC and nano-SMPS, (c) the chemical component of particle 
measured by ACSM, (d) the concentrations of PM2.5 and SO2, (e) the 
UV intensity and wind direction (WD) and (f) temperature, relative 
humidity and precipitation event observed in Fukue Island from 23 
February to 7 March, 2013: (a) WPS; 10<Dp<300 nm (top panel) and 
 
 


























nano-SMPS; 3<Dp<64 nm (bottom panel), (b) gray solid line shows ratio 
of the N3-25/N3-64 measured by the nano-SMPS. 
Air mass trajectories during 72 hours at 500 m altitude for (a) NPF 
events, (b) non-events and (c) transport events at Fukue Island. The time 
was designated 12:00 local time (UTC time is 03:00) each day. (d) shows 
variation of air mass trajectories on 23 February. 
Variation of (a) the particle size distributions measured by WPS and 
nano-SMPS, CS and mode diameter, (b) the SO2 concentration, 
meteorological data (WD and solar flux) and the particle number 
concentrations measured by W-CPC and nano-SMPS and (c) the mass 
concentrations of chemical components in particle measured by ACSM 
from 24 to 25 February, 2013. 
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Particle size distributions combined with WPS and nano-SMPS (a), 
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particle number concentrations measured by W-CPC and nano-SMPS (b) 
and mass concentrations of chemical components in particle measured by 
ACSM from 6 to 7 March, 2013. 
 
 


























Variations of particle size distributions measured by the long-SMPS (13-
500 nm) and the nano-SMPS (3-60 nm), particle number concentrations 
measured by the long-SMPS (13-500 nm) and nano-SMPS (3-25 nm), 
chemical component of particle measured by ACSM, concentrations of 
PM2.5 and SO2 and meteorological data observed in Fukue Island from 7 
to 20 November, 2013. Solid circle in (b) shows ratio of the concentration 
of nucleation mode particle to ultrafine particle (N3-25/N3-64) measured by 
nano-SMPS. 
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February and November, 2013. 
Schematic diagram of PSM used in this study. 
Relation between critical supersaturation and particle diameter of DEG 
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inside the condenser of PSM. In the shaded area homogeneous nucleation 
of DEG vapor was observed to occur inside the PSM. Nucleation 
temperature is 33.3°C. 
 
 


























Theoretically estimated relationship between the critical supersaturation 
versus particle diameter. Solid lines are critical saturation ratio calculate 
using Kelvin-Thomson relation, and dashed lines are saturation ratio 
required to activate half of the sampled nuclei within the residence time 
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temperature is 16.7°C. 
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The gray areas are theoretically predicted range of the minimum 
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accounts for the finite residence time inside the condenser, and the broken 
line at upper size bound is the critical size predicted by the Kelvin-
Thomson relation. 
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Chapter 1.  Introduction 
1.1 Background 
Recent advances in nanoparticle measurement techniques enable us to analyze 
dynamics of nanoparticles in atmospheric environment. The dominant process of 
nanoparticles formation in the atmosphere is gas-to-particle conversion. When gaseous 
substances are irradiated by ultraviolet ray, they are converted to chemical species with 
a lower vapor pressure. As a result, the particles with diameter less than a few-
nanometer are newly generated by nucleation. This phenomenon is referred as new 
particle formation (NPF). NPF is considered to be a source of atmospheric aerosol and it 
alters the size distribution of atmospheric ultrafine particles (Dp<100 nm). These 
particles have a significant impact on the balance of solar energy reaching the Earth’s 
surface, and they also have indirect effects as cloud nuclei. For these reasons, the basic 
understanding of NPF processes has become an important issue and a number of field 
observations have been conducted in various environments such as forest, coastal 
regions, and urban areas mostly in Europe and USA. 
On the other hand, rapid economic growth and industrial development in East-
Asia region has brought increases in fossil fuel consumption and in turn increases in 
emissions of gaseous pollutants, such as SO2, NOx and, volatile organic compounds 
(VOCs) as well as particulate matter (PM). In winter to spring season in the East-Asia 
region, these pollutants are transported over a long distance by weterlise and raise 
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serious problems in the downstream regions, such as atmospheric pollution, visibility 
degradation and adverse human health effects. The long-range transported pollutants are 
a mixture of gaseous and particulate matters. Therefore it is considered that the size 
distribution of ultrafine particles is influenced by both initially emitted PM and newly 
generated chemical species. Consequently the size distribution of nanoparticles in the 
East-Asia region exhibits complex features depending on the pollutant level and 
meteorological parameters. 
 
1.2 Objective of thesis 
The main objective of this thesis is to understand the correlation between NPF 
and long-range transport of pollutants in the East-Asia region. In order to achieve this 
objective, we conducted field measurement in rural island located in the southwestern 
boundary of Japan, and the operating conditions of particle size magnifier (PSM) was 
optimized to detect nanoparticles formed in the initial stage of NPF process. 
The contents of this thesis are listed as follows: 
The overview of nanoparticle formation and transport of pollutants in the 
atmospheric environment is given in Chapter 1. The objective and contents of this thesis 
are clearly described. 
The literatures related to the nucleation process in the atmospheric environment 
are summarized in Chapter 2.  
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In order to understand the characteristic of NPF and long-range transported 
pollutants originating in the East-Asia region, the first field observation was conducted 
at Fukue Island supersite (128.7°E, 32.8°N) in March, 2012, and the results are 
summarized in Chapter 3.  
In Chapter 4, to measure the size distribution of particle less than 14 nm 
generated in the initial stage of the NPF, additional field observations were conducted in 
February and November 2013 using a SMPS equipped with nano-differential mobility 
analyzer (nano-DMA), which can classify nanoparticles as small as 3 nm. 
In order to investigate the formation condition of new particles, it is necessary 
to measure the nanoparticles of nuclei with diameter smaller than 3 nm generated in the 
earliest stage of the NPF. The optimization of operating condition of the new 
nanoparticle counter, particle size magnifier (PSM), was conducted. The 
characterization of the PSM is presented in Chapter 5.  
The conclusions of this thesis are presented in Chapter 6.
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Chapter 2  Literature review 
2.1 NPF event in the clean environment 
Nucleation is the initial step of a phase transition between gas to liquid, liquid 
to solid and so on. For example, when the vapor pressure of gaseous matter is reduced 
by photochemical reaction in the atmosphere, the significant collision between 
molecules under supersaturation condition results in the formation of cluster over the 
critical size, typically in the few nanometer. Cluster generated by this nucleation process 
grows by further condensation and coagulation, and eventually the particles with 
nanometer size are newly generated. This sequential process is called as homogeneous 
nucleation, and also is called as new particle formation (NPF) in the atmospheric 
environment. NPF is considered to be one of sources of atmospheric aerosol, 
particularly in the nanometer size range. The particles generated by NPF process have 
significant impact on the overall optical property of atmospheric aerosols such as on 
balance of solar energy reaching the Earth’s surface and regional visibility (Charlson et 
al., 1987; Vincent, 1995; Nilsson et al., 2001; Davidson et al., 2005; Lohmann and 
Feichter 2005; Spracklen et al., 2008). Therefore basic understanding of NPF 
mechanism and field observation of NPF events are important. 
 
 




Figure 2-1. Typical NPF event measured by a differential mobility particle sizer (DMPS) 
in Hyytiala boreal forest in Finland (Boy and Kulmala, 2002). Contour plot show the 
particle concentration as a function of time and particle size. Between 09:00 and 12:00 a 
large amount of particles were newly formed and grow to sizes of about 50 nm . 
 
The NPF event was firstly identified in the boreal forest in Finland (Mäkelä et 
al., 1997). Figure 2-1 shows a change in the size distributions during NPF event (3-500 
nm) as a function of time of day (Boy and Kulmala, 2002). The ordinate of Figure 2-1 is 
particle diameter and abscissa is time of day. Particle number concentration is shown as 
a difference in color. As shown in Figure 2-1, sudden increase in the concentration of 
particle smaller than 10 nm in mobility diameter was observed from the late morning to 
early afternoon. As the time proceeds, red area (high concentration) moved toward 
larger size range with a growth rate of a few nm h-1. When the diameter reaches to 
around 50 nm, the growth of the particles was almost terminated and the contour plot in 
Figure 2-1 exhibits “banana” shape. Such growth curve is used as the identification of 
the NPF (Kulmala et al., 2004; Heintzenberg et al 2007; Wiedensohler et al., 2009; 
Cheung et al., 2011). In order to characterize NPF events, particle formation rate (or 
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nucleation rate), particle growth rate, condensation sink, concentration of condensable 
vapor and vapor source rate have been measured in various locations after the first 
discovery of the NPF in Finnish boreal forests. The detailed definitions and expressions 
for the particle formation rate, particle growth rate and concentration sink are explained 
in Chapter 3 and 4. In the early studies, a number of field campaigns have been 
conducted to clarify the NPF mechanism mostly in clean environments in Europe and 
USA (Weber et al., 1997; Kulmala et al., 1998; O’Dowd et al., 1999; Dal Maso et al., 
2002; Dal Maso et al., 2005; Kulmala et al., 2012).  
Recently some field studies have been conducted in various environments such 
as coastal region (O'Dowd and Hoffmann, 2005; Modini et al., 2009), savannah 
background (Laakso et al., 2008; Vakkari et al., 2011), Arctic and Antarctic 
(Wiedensohler et al., 1996; Park et al., 2004), and urban area (Dunn et al., 2004; Wu et 
al., 2007; Gao et al., 2009). Kulmala et al. (2004) summarized the data presented in over 
100 literatures, along with the categories such as the location (latitude, name of the 
place, platform such as land, aircraft and ship), and their results (formation rate and 
particle growth rate). The results show that typical formation rates of 3-nmparticles, J3, 
and particle growth rates are in the range of 0.01-10 cm-3 s-1 and 1-20 nm h-1, 
respectively. Very high values of J3 and growth rate of particle are in coastal regions 
(104-105 cm-3 s-1 and 200 nm h-1). Also the particle growth rate as low as 0.1 nm h-1 can 
be seen in Arctic and Antarctic. The NPF characteristics, such as particle formation rate, 
particle growth rate and newly formed particle size, are different in various 
environments, but they all suggested that photochemistry plays an important role in 
NPF process because observed NPF always occur during daytime.  
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Kulmala et al. (2005) conducted field observation in clean and polluted 
environment in order to quantify the concentration of condensable vapor and vapor 
source rate using growth rate obtained by experimental data. Figure 2-2 shows the 
diurnal variation of size distribution and total number concentration at (A) clean 
(Antarctica) and (B) polluted area (New Delhi). As shown in Figure 2-2, the particles 
between 3 and 10 nm were newly formed and they grow to below 100 nm. However, the 
growth rate of nucleation mode particles (3-25 nm) in New Delhi (polluted environment) 
is higher than that from Antarctic (clean environment). They reported the reason is 
probably due to the strong interplay between the nuclei growth and their loss by 
coagulation. In the other word, the particle growth rates have correlation with the degree 
of pollution (or larger condensation sink). 
 
 




Figure 2-2. Diurnal variation of size distribution and total number concentration at (A) 
clean (Antarctica) and (B) polluted area (New Delhi) (Kulmala et al., 2005). 
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To properly determine the formation rate and growth rate, the measurement of 
number concentration of nanoparticles smaller than 3 nm, which generated in the initial 
stage of NPF process, is a key. In order to measure the number concentration of 
particles with diameter below 3 nm, several type of particle counting system have been 
developed and applied to field observation. Weber et al. (2003) modified an ultrafine 
condensation particle counter (UCPC) equipped with pulse height analysis (PHA) and 
the PHA-UCPC measured the number concentration of particles larger than ~3 nm in 
diameter at mean altitude 1 km using aircraft. However, the number concentration of 
particles was underestimated at higher concentrations of particle by the coincidence, 
which caused the optical detection region is not focused in the commercial CPC. Kurten 
et al. (2005) developed adiabatic expansion type of condensation nucleus counter 
(Expansion-CNC) using water as the condensing fluid. The developed CNC measured 
the number concentration larger than 3.5 nm in diameter at 0.1 Hz. However, the values 
of the Expansion-CNC deviate by a constant level independent of particle number 
densities when compared with the concentration measured by commercial CPC.  
Vanhanen et al. (2011) developed a prototype particle size magnifier (PSM) to 
measure number concentration of particles as small as 1 nm using DEG as a working 
fluid. Kulmala et al. (2013) observed the NPF events at the SMEAR II station in 
Hyytiala of Finland using this PSM composed with commercial a condensation particle 
counter (CPC) and measured the concentration of nanoparticles and ions separately for 
six size classes between 0.9 and 2.1 nm. In addition, they also calculated the formation 
rate between 0.9 and 2.1 nm and growth rate between 0.9 and 4.6 nm, respectively 
(Figure 2-3 and 2-4). The detailed explanation for the development of particle counter is 
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presented 2.3 section.   
 
 
Figure 2-3. Size-dependent growth rates for particles below 5 nm diameter obtained by 
a particle size magnifier (PSM), a chemical ionization mass spectrometer (CIMS), a 
chemical ionization with the atmospheric pressure interface time-of-flight mass 
spectrometer (CI-APi-TOF) and a neutral cluster and air ion spectrometer (NAIS) 
(Kulmala et al., 2013). 
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Figure 2-4. Average diurnal cycle of formation rates of J1.5, J2.0 and J3.0 atmospheric 
aerosol particles (or clusters) and J1.5 negative- and positive-ion clusters at NPF event 
days (A) and non-event days (B) (Kulmala et al., 2013).  
 As mentioned previously, various studies such as field observation and 
applications of improved apparatus for detecting the number concentration of particle 
below 3 nm have been conducted mostly in Europe and USA. However the 
experimental data for the NPF in the East-Asia region are still limited.   
 
2.2 Atmospheric aerosol in the East-Asia region 
In these decades, rapid economic growth and industrial development in East 
Asia lead to increases in the fossil fuel consumption and the resulting emissions of 
gaseous pollutants, such as CO2, NOx and SO2, volatile organic compounds (VOCs) and 
particulate matter (PM). According to a study by Ohara et al. (2007), rapid increase in 
total energy consumption in Asia, especially in China, between 1980 and 2003 causes a 
significant increase in Asian emissions such as black carbon (28%), for OC (30%), 
nonmethane volatile organic compounds (NMVOC; 108%), for SO2 (119%), and for 
NOx (176%). They also predict that the emissions of NMVOC will increase at least 22% 
over the 2000 level by 2020. These pollutants are transported over long distances in 
East Asia and they induce serious trans-boundary environmental problems such as 
climate change, and air pollution (Seinfeld and Pandis 1998). In order to analyze these 
transport dynamics, several studies have been conducted using a lidar, airborne particle 
 
 
Chapter 2. Literature review 
13 
 
counters and by chemical composition analysis of atmospheric aerosol particles in the 
troposphere (Nakamura et al., 2005; Takami et al., 2005; Kim et al., 2007; Song et al., 
2010; Wagstrom and Pandis, 2011; Park et al., 2012). 
The long-range transported pollutants are a mixture of gaseous and particulate 
matters (PM). The existence of such mixture, especially high concentration of 
particulate matter (PM), could be creating the environment which dominates the 
condensation growth via heterogeneous nucleation (Figure 2-5). However the NPF is 
also occurred by long-range transported gaseous matters which is a candidate of the 
precursors of NPF. From these reasons, several studies for the NPF occurred in East-
Asia region have been conducted using commercial instrument such as a scanning 
mobility particle sizer (SMPS) and a condensation particle counter (CPC) (Park et al., 
2008; Hwang et al., 2008; Park et al., 2009; Kim et al., 2009; Jeong et al., 2011; Han et 








Figure 2-5. Illustration of homogeneous and heterogeneous nucleation. 
 
Weber et al. (2003) observed the NPF events in East-Asian anthropogenic 
plumes in their TRACE-P aircraft experiments over East-Asia. They measured high 
concentrations of 3 to 4 nm particles associated with the pollution plumes using an 
ultrafine condensation particle counter equipped with pulse height analysis (PHA-
UCPC). Lee et al. (2008) reported time variation data of size distribution (10 to 487 nm) 
in the coastal region of Korea using a SMPS and showed that NPF and growth events 
are divided into four classes. They concluded that the most of nucleation events may 
originate from the air masses from Asian continent. Yum et al. (2007) investigated the 
cloud condensation nuclei (CCN) activity of submicron aerosol at Gosan site (Jeju 
Island, Korea) and reported that they mostly act like ammonium sulfate. They also 
observed regional-scale NPF and growth events in coastal region of Korea associated 
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with air mass from northern China, Mongolia or Russia. Song et al. (2010) reinterpret 
using data of the SMPS (10 to 300 nm) measured by Yum et al. (2007), and reported 
NPF and growth event are very sensitive to the level of precursor gases, especially SO2 
gas, and pre-existing aerosols, and vertical mixing state. Shen et al. (2011) reported 
long-term (1.5 years) observation of particle number concentration at rural site located 
in the North China Plain using a twin differential mobility particle sizer (TDMPS; 3 to 
850 nm in mobility diameter) and an aerodynamic particle sizer (APS; 0.5 to 10 μm in 
aerodynamic diameter). They reported that clean air masses from inner Asia enhanced 
NPF while air masses from urban and industrial region in China increased background 
aerosol concentration. Kim et al. (2013) investigated the NPF events under cloudy 
conditions using SMPS (10 to 470 nm) at Gosan Climate Observatory (GCO, Jeju 
Island, Korea) and reported that the ratio of NPF events occurred under cloudy 
conditions (57 days out of 280 days, i.e., 20%) is higher than the ratio of NPF events 
observed under cloud-free conditions (35 days out of 280 days, i.e., 13%) during long-
term (4 years) observations. They also suggested that the solar radiation reaching the 
surface or lower parts of the troposphere is not a critical factor for NPF in East-Asia 
region. 
As mentioned above, some of field studies have been conducted to understand 
the characteristic of NPF occurred in the East-Asia region. However, the correlation 
between NPF and long-range transported pollutant over East-Asia has not been still 
understood. Furthermore, most of data for particle size distribution have a limitation 
because particle counter have detection limit diameter (cut-off diameter is around 2.5 
nm, cut-off diameter is defined as the particle diameter at which 50% of incoming 
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particles were detected). The particles formed by nucleation are very tiny, typically of 
the order of 1 nm or molecule in size. For this reason, not only observation studies but 
also the development of improved apparatus such as PSM is necessary to properly 
clarify the NPF mechanism in the East-Asia region. 
 
2.3 Measurement techniques for analyzing nucleation process 
Nucleation of supersaturated vapor occurs in atmospheric environment, and the 
process also has been utilized for synthesizing functional nanomaterials. Presence of 
seed particles significantly increases nucleation rates, and this phenomenon is the 
operating principle of condensation particle counters (CPCs) which are the most reliable 
instruments for counting aerosol particles in nanometer-size range.  
Due to an increasing interest on nanoparticles especially in the size range less 
than 10 nm, research have been done for lowering the minimum detectable sizes of 
laminar flow type CPCs (Bricard et al. 1976; Agarwal and Sem 1980). Stolzenburg and 
McMurry (1991) developed an Ultrafine CPC using n-butyl alcohol as a working fluid. 
The CPC introduces aerosol directly into a cooled condenser through a capillary tube. 
They reported that the cut-off diameter, Dp50, which is defined as the particle diameter at 
which 50% of incoming particles were detected, was 2.5 nm. Hering et al. (2005) 
developed CPC which used water as its working fluid and showed the value of Dp50 was 
4.8 nm or less. Water-based CPCs are run parallel with butanol based CPCs to study the 
chemical characteristics of freshly nucleated particles in the atmosphere (Kulmala et al., 
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2007). Later, (Iida et al., 2009; Jiang et al., 2011) studied the effect of using different 
working fluids on the size detection limit Ultrafine CPC, and they reported that 
diethylene glycol (DEG) was the best choice for detecting sub-2nm particles.  
Particle size magnifier (PSM) is growth unit of mixing-type CPC. PSM has 
significant potential on the detection of sub-3 nm particles and it is available to measure 
the number concentration of particle generated by NPF process occurred in the 
atmospheric environment. The working principle of PSM is based on its capability of 
creating constant supersaturation region by mixing cooled aerosol and heated 
condensing vapor (Kogan and Burnasheva, 1960; Okuyama et al., 1984). Important 
parameters, which determine the detection limit or counting efficiency of PSM, are the 
type of the working fluid (condensing vapor onto foreign aerosol), saturation ratio, 
mixing state of aerosol and condensed vapor, and the temperature at mixing and growth 
part. The effect of working fluid was investigated by Kim et al. (2003) and Ito et al. 
(2011). Vanhanen et al. (2011) developed a prototype PSM to measure number 
concentration of particles as small as 1 nm using DEG as a working fluid. The cut-off 
diameter was adjustable between 1-2.5 nm by changing the mixing ratio of saturator and 
the aerosol flow when the temperature at mixing part was at 16°C. The temperature of 
the growth tube was cooled down to 3°C to enhance condensational growth of seed 
particles. They used tetra-alkyl ammonium salts as mobility standards for evaluating the 
counting efficiency of the PSM. The counting efficiencies of these mobility standards at 
1.05, 1.47, 1.78 and 2.57 nm in mobility diameter were, respectively, 25, 32, 46 and 
70%. Kulmala et al. (2013) implemented this PSM in their atmospheric aerosol 
sampling and measured the number concentration of freshly nucleated nanoparticles 
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whose particle diameters were below 3 nm. 
As mentioned previously, the development of particle counter detectable 
nanoparticle below 3 nm is necessary to understand the characteristic of NPF occurred 
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Chapter 3.  Characteristics of NPF and long-range 
transport observed in Fukue Island 
3.1 Introduction 
Air pollutants emitted from urban and industrial areas in East-Asia region are 
transported over long distance and they are considered to cause negative impacts on 
plants and human in the downstream regions. Regional aerosol size distributions are 
influenced directly by the long-range transported particulate matters. In addition, the 
long-range transported gaseous pollutants indirectly affect the aerosol size distribution 
by newly formed particle via gas-to-particle conversion. In this chapter, in order to 
understand the characteristic of new particle formation and growth (NPF) event and 
long-range transported pollutants (transport event) originated in the East-Asia region, 
the first field observation was carried out in Fukue Island, Japan between 9 and 16 
March, 2012. NPF and transport event were observed several times during this period. 
Time-dependent size distribution change measured by a scanning mobility particle sizer 
(SMPS) was analyzed in relation to the chemical components data of aerosol and gases 
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3.2 Material and methods 
3.2.1 Monitoring site 
Measurements were conducted at the Fukue Island supersite (32.8°N, 128.7°E), 
organized by the impacts of aerosols in East Asia on plants and human health (ASEPH) 
project. Fukue Island is located in the rural coast, where is little influenced by the 
anthropogenic pollution from Japanese industrial emission sources, in the southwestern 
boundary of Japan, as shown in Figure 3-1. Fukue supersite is also in the pathway of 
polluted air masses from the East-Asia region in the winter to spring season, and is 
involved in the observation network for aerosol-cloud-radiation interaction (SKYNET). 
Various data for the concentration of chemical components (SO42-, NH4+, NO3-, Cl- and 
organics) in atmospheric aerosols, particulate matters (PM2.5 and inorganic carbon), 
gases (O3, NOx and SO2) as well as meteorological parameters, such as temperature (T), 
relative humidity (RH), wind direction (WD), UV intensity (UV) and precipitation are 
















Figure 3-2 shows the schematic diagram of the experimental setup used in this 
study. Particle size distributions between 14 nm and 640 nm were measured using the 
SMPS system. As shown in Figure 3-2, we used a SMPS equipped a long-differential 
mobility analyzer (long-DMA) (model 3081, TSI Inc.) and a condensation particle 
counter (CPC) (model 3775, TSI Inc.). The flow rate of the sample and sheath are 0.3 L 
min-1 and 3 L min-1, respectively. Total number concentrations of particles larger than 3 
nm were also continuously measured using an ultrafine CPC (model 3776, TSI Inc.) 
with 1 min time-resolution. The sample inlet was located at 4 m height above the 
ground level. Before the field experiments, we measured penetration through sampling 
tube using silver nanoparticles with 6 to 20 nm in mobility diameter. It was 88% for 20 
nm, 80% for 10nm and 70% for 6 nm, respectively.  
Chemical composition of aerosol particles was measured by following two 
instruments. Firstly, black carbon (BC) concentration was measured by the BC monitor 
(model AE51, TSI Inc.) with 10 min resolution. Secondly, aerosol chemical 
compositions were measured by an ACSM every 15 min (Ng et al. 2011). The ACSM is 
capable of providing online quantitative data on mass concentrations (organics, sulfate, 
nitrate ammonium and chloride). The principles for analytical method of the aerosol 
components are similar to the aerosol mass spectrometer (Jayne et al. 2000, Takami et al. 
2005). The difference is that ACSM cannot measure the size distribution. The ionization 
efficiency was 2.3 × 10-11, and collection efficiency was 0.5. It should be noted that the 
ACSM measures mass concentration of aerosol larger than certain size, approximately 
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50 nm in aerodynamic diameter, and it cannot detect nucleation mode particles 
(3<Dp<25 nm). Therefore ACSM was used in the present study to analyze the chemical 
composition of long-range transported particles and those of newly generated particles 
after substantial condensational growth. An SO2 analyzer (model 43i, Thermo Scientific) 
was used to measure gaseous sulfur dioxide with 1 min resolution. The meteorological 
data during observation, such as temperature (T), relative humidity (RH), wind direction 
(WD) and velocity (WV), UV intensity (UV) and precipitation, were measured by the 
measuring system provided by Chiba University, Japan. 
  
 
Figure 3-2. Schematic diagram of the measuring system used in this study. The 
sampling port is located at 4m height and the sampling line is settled vertically in the 
actual system. 
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3.2.3 Estimation of particle growth rate and condensation sink from 
number size distribution data 
 The particle growth rate (GR) was obtained by the tracing an increase in the 
mode diameter (Dmode) of the log-normally fitted nucleation mode as it grows 3 to 40 
nm diameter and by making a linear fit to the obtained data points (Kulmala et al., 
2004). With this information, GR can be calculated from the formula: 
t
DGR 
 mode          (1) 
Where Dmode belongs to the size range [D,Dmax]  
The particle condensation sink (CS), which is the measure of pre-existing 
particles for vapor to condense onto them and depends strongly on the shape of the size 
distribution (Pirjola et al., 1999; Kulmala et al., 2001). The CS is obtained as follows: 
  0
i
iipMpppMp NDDdDDnDDDCS i ,2)()(2 ＝     (2) 
Where n(Dp) is the particle size distribution function and Ni is the number concentration 
of particles in the size class i. 













      (3) 
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Kn 2          (4) 
where vis the mean free path of the gas molecules under standard conditions and the 
sticking coefficient ,is typically assumed to be unity. 
 
3.3 Results and discussion 
3.3.1 Data overview and meteorological conditions 
Figure 3-3 show the overall particle size distribution and meteorological 
conditions such as T, RH, WD, WV, UV and precipitation. Typical winter-to-spring 
weather patterns were observed during measurement term with average temperature 
around 10 °C and average relative humidity of 65%, respectively. During the 
observation period, only little precipitation was recorded on 10 March. Since the 
measurement was carried out under the relatively dry weather conditions, we did not 
install a dryer in the sampling system. The observation was terminated with rainfall on 
the final day (16 March). From Figure 3-3a, periodical increases in the particle size and 
concentration were seen associated with change in the wind direction, velocity, 
temperature and UV intensity (Figure 3-3b and c). The first transport event was 
observed on 11 March with gradual decrease in temperature and with change in wind 
direction from east to north. Sudden increase in particle concentration with a mobility 
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diameter from 100 to 300 nm was seen from early morning and it continued until noon. 
Mass concentration of PM2.5 was monitored by a tapered element oscillating 
microbalance (TEOM) and it indicated peak concentration of 69.2 g m3. Increase in 
the smaller size particles of around 20 nm and 60 nm was also observed around noon. 
This event was associated with increase in the other pollutants such as SO2, and BC and 
the detail is discussed in the next section. Besides this day, clear increases in the 
nucleation mode particles were seen periodically. Some of the appearances of nucleation 
mode particles were followed by continuous growth to ultrafine particles. Such NPF 
events were identified at least two times during the 8-day monitoring period on 12 and 
15 March (Figure 3-3a). The onsets of NPF events were in agreement with a time slot of 
maximum solar (UV) flux and northerly (Figure 3-3), therefore, they are considered to 
be the secondary aerosol formation events originated from photo-oxidized gaseous 
species although there might be other factors to influence NPF such as relative humidity 
and concentration of pre-existing particles. Most interestingly, some aerosol formation 
events were associated with long-range transport of polluted air mass from East Asian 
region (roughly estimated by the increase in the concentration of 100-200 nm particles). 
Among various events during the observation period, two typical events, i.e. the 
transport event on 11 March and the new particle formation event on 12-13 March, are 








Figure 3-3. Variations of particle number size distribution and meteorological data 
observed in Fukue Island from 9 to 16 March: (a) particle size distribution (14 ~ 640 
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3.3.2 Transport event of polluted air mass on 11 March 
Figure 3-4a shows the data for only for 11 March extracted from Figure 3-3, 
which represent the diurnal variation in the particle size distribution between 14 nm and 
640 nm. As a comparison, total number concentration of particles larger than 3 nm 
measured by ultrafine CPC, BC concentration SO2 gas concentration are plotted in 
Figure 3-4b. Also Figure 3-4c shows the change in chemical component of particle 
measured by ACSM. The average temperature and relative humidity on this day were 
around 7 °C and 70%, respectively. As shown in Figure 3-4a, the concentration of 
particles between 100 nm and 300 nm sharply increased at 5:00 am and then gradually 
decreased from noon. In this period, increase in BC, SO2 and particle mass 
concentration of organics, sulfate, ammonium and nitrate were also observed 
simultaneously. It should be noted that the concentration of SO2 exceeded the range 
from 6:30 to 9:00 am because the maximum range was set to be 20 ppb. The maximum 
BC concentration was also as high as 4g m-3. Judging from these data, it was found 
that a highly polluted air mass was transported by a north wind from the continent to 
this area. Since the observed particle size range was relatively large (100 nm-300 nm), 
and there was a sufficient condensation sink such as BC, the chemical species measured 
by ACSM is considered to have condensed on the pre-existing particles.  
From Figure 3-4c, the average mass concentrations of organics, ammonium, 
sulfate, and nitrate during 7:00 to 9:00 am were 17.3, 18.4, 24.9, and 13.1 μg m-3, 
respectively. Thus, these mass concentrations are higher than those of BC (about 4 μg 
m-3). From the mass relationship between each chemical components, molar ratio of 
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NH4+: SO42-: NO3- was calculated to be 1:0.26:0.19. Therefore the particles contain 
large fraction of ammonium contents but is not sufficient to form salts such as 
ammonium sulfate ((NH4)2SO4) and ammonium nitrate (NH4NO3). 
It is obvious that the mass concentrations of these chemical components were 
higher than background level during this transport event on 11 March. The Fukue 
supersite is located on a rural island area with neither a stationary emission source of 
aerosols from an industrial complex, nor heavy traffic. Therefore, it is considered that 
this event originated from the transport of a highly polluted air mass from the East-








Figure 3-4. Particle size distributions (14<Dp<640 nm), particle number concentrations 
(Dp>3 nm), concentrations of SO2 and BC, and mass concentrations of particle 
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In order to confirm the origin of this transport event, the air mass trajectory was 
calculated by using a HYbrid Single-Particle Lagrangian Integrated Trajectory 
(HYSPLIT) model (Draxler and Rolph, 2003) as shown in Figure 3-5. Figure 3-5a 
shows the back-ward trajectory with arrival time of every 6 hours from 9:00 am, 10 
March (about 1 day prior to the event). It was found that the source position moved 
from east to west and passed through an industrial area in China at black solid line in 
Figure 3-5a. The arrival time of trajectory black solid line matched the time of the 
transport event observation on Fukue Island. Consequently it was concluded that the 
transport event (tentative increase in the air pollution level) originated in the transport of 









Figure 3-5. Results of air mass trajectory at 500 m altitude for 3 days during the 
transport event (a) new particle formation event (b) and in Fukue Island. The time 
difference between UTC and local time is 9 hours. 
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In the later stage of this transport event shown in Figure 3-4a, an increase in the 
concentration of ultrafine (about 60 nm) and nucleation mode (about 20 nm) particles 
was also observed around noon. As a result, a trimodal distribution with mode diameter 
around 20 nm, 60 nm and 150 nm was identified between 11:00 am and 12:00 pm. In 
general, such an increase in the small particle concentration is observed under low 
background particle concentration, since supersaturated vapor is preferably condensed 
heterogeneously onto the pre-existing particles. However, the particle formation 
observed from 11:00 am to 12:00 pm is considered to be a NPF event because i) a 
sudden increase in the total particle concentration (>3 nm) was also observed by CPC as 
shown in Figure 3-4b and ii) the particle formation occurred at peak UV intensity 
(Figure 3-3b). Such a sharp increase in the number concentration of particles smaller 
than 30 nm during NPF was also observed on other days (see 3.3.3 section). 
 
 




Figure 3-6. Trimodal distribution with mode diameter around 20 nm, 60 nm and 150 nm 






Chapter 3. Characteristics of NPF and long-range transport observed in Fukue Island  
35 
 
3.3.3 NPF events on 12-13 March 
Figure 3-7 show the pick-up data from Figure 3-3 on 12-13 March. It was 
sunny weather with average temperature and humidity around 7 °C and 55%, 
respectively. From the air mass trajectory calculated by HYSPLIT model (Figure 3-5b), 
there was almost stable wind during this period from East China through Korea. As 
shown in Figure 3-7a, the appearance of size distribution in the nucleation mode 
(around 20 nm) was identified around 14:00 pm, 12 March, and they gradually grew 









Figure 3-7. Particle size distributions (14<Dp<640 nm), particle number concentrations 
(Dp>3 nm), concentrations of SO2 and BC, and mass concentrations of particle 
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The solid circles in Figure 3-7b show the variations of total particle 
concentration (>3 nm) with time. Sudden increase in particle number concentrations 
was observed up to 15,000 cm-3 from 12:00 pm, that is about two hours prior to the 
identification of size distribution in Figure 3-7a. This difference suggests that the 
particles generated between 12:00 pm to 14:00 pm were smaller than the size range of 
SMPS (<14 nm). Such sudden increase in the nucleation mode particle concentration, 
i.e. nucleation burst, has been reported in the NPF events observed in the other location 
(Kulmala et al., 2004). Many studies have reported that such particle formation and 
growth events usually start at least 2-3 h after sunrise and then gradually grow in size 
(Kulmala et al., 2004; Wu et al., 2007) because the time of nucleation particle formation 
is generally triggered by the photo-chemical reaction of SO2 from the global radiation 
(Kulmala et al., 1998). In our case, the intensity of solar flux started to increase from 
8:00 am and showed its maximum value (945 W m-2) at around 14:00 pm as previously 
shown in Figure 3-3b. Therefore the onset time of the nucleation in the present 
measurement was slightly later than for the other studies, which may attribute to the 
location of the Island (the downstream of long-range transport of polluted gas) and/or to 
the different chemical pathway of the nucleated species. 
The source of these newly formed particles was considered to be a semi-volatile 
species generated by a photo-chemical reaction of SO2 and organic vapor induced by 
UV irradiation. Figure 3-7c shows ACSM data during the NPF event. Unfortunately we 
cannot measure the chemical composition of nucleation mode particles because they 
were smaller than the detectable size range of ACSM. In fact, the total mass 
concentration of sulfate, nitrate and ammonium slightly decreased during the nucleation 
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burst. The most probable candidate of the source material is sulfate generated by photo-
oxidation of SO2 gases. As shown in Figure 3-7b, the SO2 concentration was 1 to 3 ppb 
(2.62 – 7.85 μg m-3, 4.1×10-8 – 1.2×10-7 molecules m-3) and it was much lower than that 
measured during the transport event on 11 March. However, this quantity may be 
enough to form sulfate particles of 15,000 cm-3 by the binary homogeneous nucleation 
of sulfuric acid and water. There are several reports on the role of organic compounds in 
the NPF (Zhang et al., 2009; Metzger et al., 2010; Wang et al., 2011). Especially the 
effect of biogenic organic acids might play an important role in the growth of critical 
nuclei to the detectable size (Zhang et al., 2009). In fact, Fukue Island is located in the 
rural coast, however, is mostly covered by the forest. Further analysis of the biogenic 
organic species is necessary to understand the initial steps of the NPF events. 
It should be noted that BC concentration was almost at the background level 
(<1 μg m-3) and total particle concentration (>3 nm) was as low as 3,000 cm-3 in the 
earlier stage of the event (Figure 3-6b). Thus, in contrast to the previous transport event 
on 11 March, NPF event was observed under the low concentration of the condensation 
sink.  
Following to the NPF, these particles’ growth proceeded gradually until the next 
day (18:00 pm on 13 March) with the growth rate of 1.47 nm h-1. Increase in the mass 
concentration measured by the ACSM was not detected until 2:00 am of 13 March, 
because, as previously mentioned, ACSM cannot detect nucleation mode particles. 
However, it is worth noting that nitrate remained at a relatively low concentration 
during new particle formation and during the growth event until 2:00 am on 13 March. 
As shown in Figure 3-6c, the mass concentration of organics, sulfate, ammonium and 
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nitrate gradually increased from 2:00 am. At the same time, it was found that the 
average size of the particles measured by SMPS (Figure 3-6a) is large enough to be 
detected by ACSM. However we cannot judge the origin of the increase in the ACSM 
concentration from 2:00 am because BC and SO2 concentration also increased from this 
time (Figure 3-6b), which suggests another mass of air pollution passed through this 
area. The peak of mass concentration measured by ACSM was observed between 8:00 
and 9:00 am of 13 March. The average concentration of organics, ammonium, sulfate 
and nitrate between 8:00 and 9:00 am were 4.9, 3.9, 3.3, and 3.9 μg m-3, respectively. 
The molar ratio of ammonium, sulfate and nitrate was then calculated to be 1:0.16:0.3. 
In contrast to the molar ratio measured during the transport event on 11 March, the 
concentration of sulfate was relatively lower than other components.  
 Many previous studies reported particle growth rates (GR) (nm h-1) during 
their observation of new particle formation and growth events in various locations. The 
GR is typically obtained by the tracing an increase in the mode diameter (Dmode<40 nm) 
against time. Kulmala et al. (2004) reported that particle growth rates measured in the 
several environments ranged between 1 and 20 nm h-1, and the most frequently 
observed value is 2-5 nm h-1. Table 3-1 shows the GR of particles (<40 nm) during our 
observation period. The GR was in the range of 1.47-2.36 nm h-1. Song et al. (2010) 
reported similar or slightly larger values (1.97-5.81 nm h-1) in Jeju Island (about 220 km 
west of Fukue Island) when they observed a new particle formation and growth event in 
March, 2005. Therefore Fukue Island is also located in the range to observe NPF events 
originated by long-range transport of air pollution over East China Sea. These values are 
also similar to coastal (1.8-8.2 nm h-1), smaller than forest (8-17 nmh-1) and urban site 
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(5-7.8 nm h-1) (Modini et al., 2009; Mäkelä et al., 2000; Jung et al., 2013). As 
mentioned previously, the start times of the burst of nucleation mode particles in their 
observation were at least 2-3 h after sunrise which are slightly earlier than our case 
(around noon). Similar late nucleation burst was also reported by Jung et al. (2013). 
Table 3-1 also list the particle condensation sink (CS). For the three events, CS 
values have the range of 1.98×10-3 and 1.96×10-2 s-1 (Table 3-1). In general, the particle 
growth rate and CS have a correlation under the low concentration of pre-existing 
particles. In the case of CS measured on 12 March, we obtained some correlation. 
However in spite of high a CS value on 15 March, the particle growth rate was as low as 
2 nm h-1 probably due to the existence of pre-existing particles, i.e combined effects 
between NPF and transport event. 
 
Table 3-1. Summary of characteristics of new particle formation and growth events 
measured on the Fukue Island in March, 2012. 
Date Growth period GR (nm h-1) CS (s-1) SO2 (ppb) 
12-13 12:00 (12th)-18:00 
(13th) 
1.47 1.98E-3 - 5.93E-3 0.18 - 0.88 
15 12:00 (15th)-12:00 
(16th) 








We investigated the particle size distributions, total number concentrations of 
particle (>3 nm), concentrations of SO2, BC and chemical composition of atmospheric 
aerosol at Fukue Island (128.7°E, 32.8°N) in Japan from 9 to 16 March, 2012. During 
the observation period, the transport event of polluted air mass and NPF events were 
identified several times. From the air mass trajectory calculated by HYSPLIT model, 
the transport event on 11 March was originated by long-range transport of contaminated 
air mass from the continent. On the other hand, NPF event were observed on 12-13 
March under the low concentration of air pollution and condensation sinks. The 
combined events between transport and NPF were also seen at around noon of 11 and 
15 March. However, the detail of this complex phenomenon has not been fully 
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Chapter 4. Conditions for NPF under existence of long-
range transported pollutants 
4.1 Introduction 
In the previous observation, time-resolved data for size distribution, number 
concentration and chemical composition of atmospheric aerosols were collected from 9 
to 16 March, 2012. The results showed that some NPF events were associated with the 
long-range transport of polluted air mass from East Asian region. However the initial 
stage of the NPF was not identified because the measured size range was from 14 to 640 
nm. In order to measure the size distribution of particle less than 14 nm generated in the 
initial stage of the NPF, additional field observations were conducted in February and 
November 2013 using a SMPS equipped with nano-differential mobility analyzer (nano-




Table 4-1 shows the list of instrument used in field observation in February and 
November, 2013.  
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Table 4-1. Instrument list used in field observation in February and November, 2013 
Date 
Particle size range 
3-64 nm 10-300 nm (13-500 nma)) 
February 2013 
- Nano differential mobility 
  analyzer (Nano-DMA) 
- Ultrafine condensation particle 
  counter (UCPC, model 3776) 




- Water-based CPC  
(WCPC, model 3788) 
- Long-DMA 
- CPC (model 3775)  
a) Indicates the size range of particle size distribution observed in November, 2013 
 
 Table 4-2 shows the specification of CPCs used in field observation in February 
and November, 2013.  
 
Table 4-2. Summary of CPCs specification used in field observation in February and 
November, 2013 
CPC Specification 
UCPC (3776) Dp50 : 2.5 nm, Dp100 : 3 nm 
WCPC (3788) Dp50 : 2.5 nm, Dp100 : 5 nm 
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4.2.2 Estimation of particle formation rate, particle growth rate and 
condensation sink 
The particle formation rate (FR) was calculated using the number concentration 
of nucleation mode particles (3-25 nm) measured by a nano-SMPS system. The 3 nm 
particle formation rate (FR, J3, set as 3 nm by the nano-SMPS detection limit) was 
calculated according to the formula given by Dal Maso et al. (2005). J3 can be 





J 3          (1) 
where Nnuc is the nucleated particles number concentration, Fcoag is the loss of 
particle due to coagulation, and Fgrowth is the flux of particles out of the nucleated 
particle size range. The size range for Nnuc designated from 3 to 25 nm, allowing us to 
neglect the growth term in equation (1) (Dal Maso et al., 2005). Fcoag was calculated 
form 
nucnuccog CoagSNF   
where CoagSnuc is the coagulation sink of particles in the nucleation mode. The 
coagulation sink represents how rapidly particles with nanometer size are removed 
through coagulation. The coagulation sink can be estimated from 

j
jij NKCoagS  
where Nj is the number concentration of size class j. Kij is the coagulation 
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coefficient between size class i and j, and takes the below form (Fuchs, 1994; Seinfeld 
and Pandis, 2006) 
Fjijiij DDddK  ))((2   
where d is the particle diameter of a size class, D and F are the diffusion 
coefficient and Fuchs correction factor, respectively. In this study, particle loss by self-
coagulation was neglected because of its minor contribution to NPF and growth, 
compared with inter-coagulation and condensation (Anttila et al., 2010). The GR and 
CS were calculated by method as mentioned previously (Chapter 3). 
4.3 Results and discussion 
4.3.1 Data overview observed in February, 2013 
Figure 4-1 show (a) the particle size distributions measured by WPS and nano-
SMPS, (b) the particle number concentrations measured by W-CPC and nano-SMPS 
and the ratio of particle number concentrations, N3-25/N3-64, (c) the mass concentrations 
of chemical component in particles measured by ACSM, (d) the concentrations of 
PM2.5 and SO2, (e) the UV intensity and wind direction, and (f) the temperature, 
relative humidity and precipitation. During the observation period the average 
temperature was about 10°C and the average relative humidity was 53%. The mean 
temperature was very close to that during the previous measurement term (Chapter 3). 
Precipitation events were recorded three times on 26 February, 1 and 6 March (small 
precipitation of about 0.02 mm at noon on 6 March, which is not seen in Figure 1f). 
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Since the measurements were conducted under relatively dry weather conditions, we did 
not install diffusion dryers for sampling.  
In general, NPF event is observed in daytime when the pre-existing particle 
concentration is low on sunny day. Furthermore, NPF event has a specific feature, i.e., 
the nucleation burst in the range of nucleation mode particles followed by the growth of 
nucleation mode particles into Aitken or accumulation mode particles through the 
coagulation and condensation process (Kulmala et al., 2004). Two criteria were adopted 
in order to identify the occurrence of NPF event; (i) the existence of nucleation burst 
(i.e., appearance of nucleation mode particles with a high concentration), (ii) the growth 
of nucleation mode particles to larger particles. These phenomena can be characterized 
by a “banana curve” with the onset point of size distribution between nucleation mode 
particle ranges (3-25 nm) as shown in Figure 4-1a. In distinguishing the nucleation burst, 
we introduced a quantitative criterion, the ratio of particle concentrations from 3 to 25 
nm and 3 to 64 nm (N3-25/N3-64), which is plotted in Figure 4-1b by gray solid line. The 
ratio was calculated from the nano-SMPS data which covered the size range from 3 to 
64 nm. As shown in Figure 4-1b, the number concentration of nucleation mode particles, 
N3-25, rose to 4,000-19,000 cm-3 during the nucleation burst, and the ratios during the 
nucleation burst were larger than 0.8 (Figure 4-1b). Consequently we assigned the 
threshold value of N3-25/N3-64 to 0.8 for classifying NPF events according to the criterion 
(ii). By applying the criteria to Figure 1a and b, eight NPF events on 23, 24, 25, 28 
February, 2, 3, 4 and 5 March were identified during 13 days. Although the NPF event 
measured on 3 March did not show a clear banana curve compared to the other events, 
we classified the day to NPF event because the growth time was long enough over 2 
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hours. Since the onsets of NPF events corresponded to the peak of UV intensity 
(Figure1 e), we may infer that NPF events observed at Fukue Island were triggered by 
the photo-oxidization of gaseous species. Most of NPF events occurred when the 
concentration of preexisting particles and SO2 were decreased, but increases in mass 
concentration of chemical components measured by ACSM and concentration of SO2 








Figure 4-1. Variations of (a) the particle size distributions measured by the WPS and the 
nano-SMPS, (b) the particle number concentrations measured by the W-CPC and nano-
SMPS, (c) the chemical component of particle measured by ACSM, (d) the 
concentrations of PM2.5 and SO2, (e) the UV intensity and wind direction (WD) and (f) 
temperature, relative humidity and precipitation event observed in Fukue Island from 23 
February to 7 March, 2013: (a) WPS; 10<Dp<300 nm (top panel) and nano-SMPS; 
3<Dp<64 nm (bottom panel), (b) gray solid line shows ratio of the N3-25/N3-64 measured 
by the nano-SMPS. 
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4.3.2 Meteorological factors 
 Figure 4-2 shows the results of back-ward trajectory analysis traced back from 
12:00 local time of the designated days during observation period. Figure 4-2a shows 
the results of back-ward trajectory on eight NPF events days. Most of air masses 
originated from boreal zone in East-Asian and had a relatively straight pathway as 
shown in Figure 4-2a. However the trajectory of air mass arriving at Fukue Island on 4 
March was a little different pathway and it passed over industrial areas of China before 
reaching to Fukue Island (marked as blue solid line in Figure 4-2a). Since the air mass 
was highly polluted NPF took place together with the increases in concentrations of SO2 
and PM2.5. Figure 4-2b shows the results of back-ward trajectory of non-event days, 
and the air masses had a swirled pathway with a short moving distance, in which two 
days of non-event (26 February and 1 March) were large precipitation events. On the 
transport event days on 6 and 7 March (Figure 4-2c), the trajectory of air mass passed 
over highly polluted industrial area of China like air mass trajectory on 4 March. Same 
transport events were also observed due to westerlies in winter-spring in Chapter 3. 
Figure 4-2d shows the variation of back-ward trajectories with different time series from 
midnight to noon on 23 February. This day was classified into a NPF event by 
previously stated criteria, but the patterns of back-ward trajectories at 00:00 am and 
06:00 am were similar to that of transport event shown in Figure 4-2c. Furthermore, it 
was a high correlation of increases in concentration such as SO2, PM2.5 and chemical 
components of atmospheric aerosol. Consequently, the increases in concentration of 
such pollutants from midnight to early morning might be due to transport polluted air 
mass from industrial area of East-Asian. After the change of air mass, NPF event with 
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appearance of nucleation bust was observed at noon, 23 February. Such alternately 
phenomenon between transport and NPF event also observed on 24 and 28 February. 
From Figure 4-1 and 4-2, we found features of NPF events; (a) NPF event without 
preexisting particles and (b) NPF with long-range transported particles, i.e., combined 
event. These NPF events will be discussed in detail in the following sections. 
 
Figure 4-2. Air mass trajectories during 72 hours at 500 m altitude for (a) NPF events, 
(b) non-events and (c) transport events at Fukue Island. The time was designated 12:00 
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4.3.3 Characteristics of NPF events with/without pre-existing particles 
4.3.3.1 NPF event under low concentration of pre-existing particles 
observed on 24-25 February 
Figure 4-3 shows the data for 24-25 February extracted from Figure 4-1; (a) the 
particle size distributions measured by WPS and nano-SMPS and variations of CS and 
mode diameter, (b) the SO2 concentration, meteorological data (WD and solar flux) and 
the particle number concentrations measured by W-CPC (2.5 nm-3 m) and nano-
SMPS (3-25 nm) and (c) the mass concentrations of chemical components in particle 
measured by ACSM. In these two days, typical NPF events were observed under low 
concentration of background particles on sunny day. As shown in Figure 4-3c, a slight 
increase in the temporal concentration of chemical components (organics, SO42-, NH4+, 
NO3-, and Cl-) was detected by the ACSM from midnight to early morning on 24 
February. As previously mentioned, the slight increase in the chemical components 
detected in the early morning on 24 February might be due to the slight difference in the 
trajectory such as Figure 4-2d. After the decrease in concentration of chemical 
components and SO2, sudden increase in number concentration of particle measured by 
W-CPC and nano-SMPS (3-25 nm), i.e., nucleation burst, was measured at 10:00, 24 
February as shown in Figure 4-3b. From the particle size distribution data of the nano-
SMPS (Figure 4-3a bottom panel), clear banana-shaped growth patterns were observed 
followed by the NPF events in these two days. It should be noted that NPF event on the 
second day (25 February) occurred under the co-existence of larger sized particles 
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probably originating from another NPF event on 24 February in the upstream region. 
From the back-ward trajectory analysis, the air mass was located near northern part of 
Chinese industrial region at around noon, 24 February. Such overlap phenomenon of the 
two NPF events was also observed on 5 March (Figure 4-1a).  
 
Figure 4-3. Variation of (a) the particle size distributions measured by WPS and nano-
SMPS, CS and mode diameter, (b) the SO2 concentration, meteorological data (WD and 
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solar flux) and the particle number concentrations measured by W-CPC and nano-SMPS 
and (c) the mass concentrations of chemical components in particle measured by ACSM 
from 24 to 25 February, 2013. 
The bottom panels of Figure 4-1 show the meteorological data (T, RH, WD and 
UV) during the observation period at Fukue Island. As shown in the Figure 4-1e, most 
of NPF events occurred under condition of the north wind (northwesterly and 
northeasterly). From Figure 4-2a, results of air mass trajectory showed that most of the 
air masses originated from Siberia region, which have traits of cold air mass. Weather 
conditions of NPF event days were sunny days with high UV intensity (817.3±38.3 W 
m-2: average of peaks). The diurnal variation of T in the early morning showed a 
tendency to decrease, and then T increased around noon with the increase in UV 
intensity (Figure 4-1f). It may imply that the subsidence of cold air mass may play an 
important role in NPF event at the Fukue Island because of mixing of air in the 
troposphere by the effect of high pressure system (Figure 4-4a). Song et al. (2005) 
reported similar air mass trajectories in Jeju Island (about 220 km west of Fukue Island) 
when they observed four NPF events in March, 2005. Kim et al. (2013) also reported 
that the NPF event is associated with the cold and dry air mass transported from the 
Asian continent. In contrast air mass trajectories of non-events as shown in Figure 4-2b 
showed that most of air masses circled before reaching the Fukue Island with a cold 
front under condition of low pressure system (Figure 4-4b). Furthermore the moving 
distance of air mass was shorter than the pathway of NPF event days. In other word, 
these particles were considered to be well-aged during their long-range transport over 
the East-China Sea area. In addition, weather conditions were cloudy and rainy with 
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weak UV intensity (318.2±368.9 W m-2). Consequently, we may say that NPF event 
was sensitive to the meteorological conditions, especially weather and UV intensity. In 
addition, we can see a type of NPF event by accounting for the transport data on 4 
March shown in Fig. 1a, which will be explained in detail in the following sections. 
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Table 4-3. Summary of particle formation rate (FR), growth rate (GR) and condensation 
sink (CS) calculated for NPF event days during 23 February to 7 March, 2013 at Fukue 



































































































































Chapter 4. Conditions for NPF under the existence of long-range transported pollutants 
56 
 
Table 4-3 shows the summary of particle formation rate (FR), growth rate (GR) 
and condensation sink (CS) during the NPF event days. The average FR and GR were in 
the range of 0.78-3.00 (1.26±0.37) cm-3 s-1, 1.91-5.44 (3.62±1.2) nm h-1, respectively. 
We cannot found a correlation between FR and GR, but obtained some correlation with 
the concentrations of SO2. In case of high SO2 (23, 28 February, 4 and 5 March), GRs 
were higher than those in other NPF event days even though FR was low. Also, when 
the nucleation burst occurred twice on 23 February, 2, 4 and 5 March, the particle 
growth rate is higher than other NPF event days probably due to accelerate the 
condensation growth by newly formed particles during second nucleation burst. These 
values are similar results observed in the winter-spring period during 2008-2010 in 
Gosan Climate Observatory (GCO) (FR: 0.28-4.43 cm-3 s-1, GR: 1.1-9.2 nm h-1) and 
Korea Global Atmosphere Watch Center (KGAWC) (FR: 0.34-3.81 cm-3 s-1, GR: 2.4-
10.6 nm h-1) of Korea (Kim et al., 2013) as well as measured by Song et al. (2010) (GR: 
1.97-5.81 nm h-1). On the other hand, the value of CS measured in this study was in the 
range of 0.20-4.82 × 10-2 s-1. These values were 1.8 to 4.1 times higher than their results 
(GCO: 0.11-1.66 × 10-2 s-1, KGAWC: 0.43-1.17 × 10-2 s-1) even though their size ranges 
used calculation of CS were up to 480 nm. In general, CS had a high correlation with 
concentration of pre-existing aerosol; therefore the CS in polluted area is higher 
compared to clean area. Three observation sites such as Fukue site, GCO and KGAWC 
have similar environment under low concentration of pre-existing aerosol, and located 
in coastal region. Consequently it might be attributed to the pollution degree of long-
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4.3.3.2 NPF event under the existing of long-range transported particles 
Figure 4-5 shows the data for 4 March extracted from Figure 4-1. As shown in 
Figure 4-5a, clear increase in the fine particles around 100 nm was detected by the size 
distribution from 10:00 to 21:00, on 4 March. Concentration of chemical components in 
aerosol particles shown in Figure 4-5c indicated nitrate-rich (over 10 g m-3) aerosol 
components, suggesting that these particles originated from high temperature 
combustion process such as biomass burning and/or automobiles. The result of back-
ward air mass trajectory shown in Figure 4-2a (blue line) suggested that these air 
masses originated from urban area in the south east of China. As shown in Figure 4-5a, 
the NPF event was identified at around noon of 4 March although particles smaller than 
10 nm were not clearly detected as observed in NPF event on 24-25 February (Figure 4-
3a). The total number concentration of particles was almost a half of that on 24 
February but relatively high SO2 concentration (5 to 10 ppb) was measured as well as 
CS values was high level. Therefore long-range transported pre-existing particles might 
act as a condensation sink, and they suppressed NPF even under the existence of high 
concentration of SO2. In contrast the NPF events could not found on 6-7 March (Figure 
4-6). These two days were also classified as the transport events, although the weather 
condition was a little different (small precipitation event and cloudy). The increase in 
mass concentrations of chemical components in aerosol particles measured by ACSM, 
especially sulfate, was observed as the concentration of large particles between 100 nm 
and 200 nm increased from noon of 6 March (Figure 3-5). However SO2 concentration 
was a few ppb (2.3 ppb: average concentration on 6 March), which was the typical SO2 
concentration (1.6 ppb: average concentration on 24-25 February) in NPF event days, 
 
 
Chapter 4. Conditions for NPF under the existence of long-range transported pollutants 
58 
 
and it was much lower than that on 4 March (8.9 ppb) when NPF event occurred under 
long-range transported pollutant. Moreover, the concentration of sulfate measured by 
ACSM was relatively high level compared to other components. NPF event did not 
occur on 6 March probably because these particles were already oxidized during their 
long-range transport over the East-China Sea area. Under the existence of such highly 
oxidized particles, NPF event was not identified in the next day (7 March) although the 
solar flux and SO2 concentration as well as CS value were almost the same as those of 
other NPF event days. Therefore, in summary, the combined phenomena between long-
range transport of air pollution and NPF event were influenced not only by the 
precursor concentration, solar flux, meteorological parameters, but also by aging state of 








Figure 4-5. Particle size distributions combined with WPS and nano-SMPS (a), 
meteorological data (WD and solar flux), concentrations of SO2 and particle number 
concentrations measured by W-CPC and nano-SMPS (b) and mass concentrations of 
chemical components in particle measured by ACSM on 4 March, 2013.  
 
 




Figure 4-6. Particle size distributions combined with WPS and nano-SMPS (a), 
meteorological data (WD and solar flux), concentrations of SO2 and particle number 
concentrations measured by W-CPC and nano-SMPS (b) and mass concentrations of 
chemical components in particle measured by ACSM from 6 to 7 March, 2013. 
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4.3.4 Onset condition of NPF 
Figure 4-7 shows overall data for (a) the particle size distributions measured by 
the long-SMPS (13-500 nm) and the nano-SMPS (3-60 nm), (b) the particle number 
concentrations measured by the long-SMPS (13-500 nm) and nano-SMPS (3-25 nm) 
and the ratio of particle number concentrations, N3-25/N3-64, (c) the chemical component 
of particle measured by ACSM, (d) the concentrations of PM2.5 and SO2, (e) the UV 
intensity and wind direction, and (f) the temperature, relative humidity and precipitation 
observed on 7 to 20 November, 2013. During the observation period the average 
temperature was about 14°C and the average relative humidity was 53%. Precipitation 
events were recorded six times on 9, 10, 17, 18, 19 and 20 November (small 
precipitation of about 0.02 mm at noon on 8 November). The NPF event was classified 
by two criteria (increase rate in number concentration of nucleation mode particle and 
growth sign to larger particles) as mentioned previously. As a result four NPF events on 
8, 11, 12 and 13 November were identified during 14 days. Unfortunately, the particle 
growth phenomenon of particle size distribution with diameter larger than 20 nm was 
observed on 10 November, but this event did not counted due to lack of the initial data 
of newly formed particle. Most of NPF events corresponded to the peak of UV intensity 
as same time zone observed in February, 2013. In addition, large-scale transport events 
spanned three-days on 7-9 and 15-17 November were recorded with increase in 
concentration of SO2 and PM2.5, as well as mass concentration of chemical components 
measured by ACSM. One of transport events was associated with NPF (8 November) 
like observed on 4 March, 2012. From Figure 4-7, the results of NPF event observed in 
November showed similar tendency with observed in February. 
 
 




Figure 4-7. Variations of particle size distributions measured by the long-SMPS (13-500 
nm) and the nano-SMPS (3-60 nm), particle number concentrations measured by the 
long-SMPS (13-500 nm) and nano-SMPS (3-25 nm), chemical component of particle 
measured by ACSM, concentrations of PM2.5 and SO2 and meteorological data 
observed in Fukue Island from 7 to 20 November, 2013. Solid circle in (b) shows ratio 
of the concentration of nucleation mode particle to ultrafine particle (N3-25/N3-64) 
measured by nano-SMPS.  
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Table 4-4. Summary of particle formation rate (FR), growth rate (GR) and condensation 
sink (CS) calculated for NPF event days in November, 2013 at Fukue Island. Figures in 

































































Table 4-4 shows the summary of particle formation rate (FR), growth rate (GR) 
and condensation sink (CS) during the NPF event days. The average FR and GR were in 
the range of 0.64-4.47 (2.33±2.11) cm-3 s-1, 1.95-6.34 (3.35±3.2) nm h-1, respectively. 
The FR and GR between February and November are similar values, but, onset size of 
NPF event show different tendency. Most of NPF event observed in November started 
from the size distribution of particles from 15 nm in mobility diameter except for 8 
November, which is the combined event between NPF and transport event. Figure 4-8 
show time-resolved mode diameter obtained from number size distribution observed in 
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February and November, 2013. The onset diameter of the NPF observed in February 
started from 3 nm (type 1), and it is smaller than that measured in November (around 15 
nm, type 2). 
 
Figure 4-8. Variation in mode diameter of number size distribution observed in February 
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Table 4-5. Mean values of UV, SO2, mass concentrations of PM2.5 and chemical 
components, and meteorological parameter such as UV, T, RH and wind velocity (WV) 
for NPF events day in February and November 2013.  
NPF event 
February 2013 November 2013 
Type 1a Type 2b Type 1 Type 2 
N = 6 N = 2 N = 1 N = 3 
SO2 (ppb) 3.43 ± 0.18 1.08 ± 0.05 4.24 ± 0.08 0.69 ± 0.02 
PM2.5 (μg m-3) 17.36 ± 2.71 12.93 ± 1.09 33.47 ± 3.31 8.46 ± 0.68 
SO42- (μg m-3) 3.58 ± 0.31 3.19 ± 0.15 17.28 ± 1.09 5.06 ± 0.33 
NO3- (μg m-3) 2.32 ± 0.32 0.25 ± 0.04 0.97 ± 0.19 0.33 ± 0.04 
Org (μg m-3) 4.12 ± 0.27 2.87 ± 0.13 11.14 ± 0.95 4.24 ± 0.33 
NH4+ (μg m-3) 1.69 ± 0.15 0.95 ± 0.05 5.2 ± 0.34 1.52 ± 0.09 
UV (W m-2) 808 ± 42
c 
(427 ± 26d) 
845 ± 38 
(313 ± 39) 
679 
(362 ± 58) 
621 ± 112 
(193 ± 27) 
T (oC) 9.31 ± 0.21 6.56 ± 0.15 17.22 ± 0.28  11.66 ± 0.1 
RH (%) 44.1 ± 0.8 51.08 ± 0.61 50.33 ± 1.57 53.3 ± 0.4 
WV (m s-1) 1.65 ± 0.06 2.06 ± 0.09 0.74 ± 0.07 1.40 ± 0.06 
a Type 1 indicates the onset size of NPF event is from 3 nm. 
b Type 2 indicates the onset size of NPF event is from 12 nm. 
c Mean value of UV intensity calculated using the peak values of each day. 
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In order to determine the correlation for the onset diameter of NPF event, we 
summarize the mean values for meteorological parameter and concentration of gaseous 
and particular matters about each type. Table 4-5 shows the mean values of UV, SO2, 
mass concentration of PM2.5 and chemical component, and meteorological parameter 
(UV, T, RH and WV) for NPF events day in February and November 2013. 
Meteorological parameter except for T showed similar condition both February and 
November. Also, there is not a close correlation for mass concentrations of PM2.5 and 
chemical components (SO42-, NH4+, NO3-, and organics) between type 1 and type 2. 
However, when concentration of SO2 is higher than 2 ppb, most of onset size of NPF 
event measured the size distribution of particle form 3 nm (type 1 measured in February 
and November). In case of type2 of February, there is enough high level of UV intensity 
but onset diameter of NPF event observed from 10 nm with low concentration of SO2. It 
is well known that SO2 is one of an important source to occur the NPF due to 
homogeneous nucleation of H2SO4 (Kulmala 2003; Sipila et al., 2010) formed in 
oxidation of SO2. Table 4-6 shows the mean values of same parameter for non-event 
days. As shown in Table 4-6, SO2 concentrations both March and November were low 
level as well as UV intensity. Moreover, when we compare to the start time of 
nucleation burst and particle growth between type1 and type 2, the onset time of 
nucleation burst of type 1 was between 10:00 and 12:00 (Table 4-3). In that time, the 
concentration of SO2 showed a decrease tendency from higher concentration (Figure 4-
1), i.e., the nucleation burst have been occurred under enough concentration of SO2 
condition. In contrast the nucleation bursts of type 2 occurred between 12:00 and 14:00 
(Table 4-4) with increase in concentration of SO2 from lower level (Figure 4-7). 
Consequently it is considered that the onset time of nucleation burst and the variation of 
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SO2 concentration at that time are an important parameter in the initial stage of NPF 
process. 
Table 4-6. Mean values of UV, SO2, mass concentrations of PM2.5 and chemical 
components, and meteorological parameter such as UV, T, RH and wind velocity (WV)  
for non-event day in February and November 2013.  
Non event 
February 2013 November 2013 
N = 5 N = 10 
SO2 (ppb) 1.48 ± 0.07 1.18 ± 0.03 
PM2.5 (μg m-3) 19.7 ± 2.14 17. 46 ± 1.24 
SO42- (μg m-3) 5.07 ± 0.26 10.33 ± 0.46 
NO3- (μg m-3) 0.51 ± 0.45 0.46 ± 0.05 
Org (μg m-3) 3.68 ± 0.19 6.52 ± 0.34 
NH4+ (μg m-3) 1.6 ± 0.08 2.72 ± 0.13 
UV (W m-2) 511 ± 461 (264 ± 29) 
619 ± 81 
(222 ± 15) 
T (oC) 12.3 ± 0.2 14.3 ± 0.2 
RH (%) 65.9 ± 1.0 58.4 ± 0.5 
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The NPF process observed at Fukue Island is slightly different with forest 
environment, i.e. batch reactor process, because the NPF was affected by the pollution 
level of air mass originated in East-Asia region. The other possibility is that the 
nucleation burst occurred in the upstream region before reaching to Fukue Island. As a 
result it is possible that the onset diameter of NPF event could be observed from 15 nm, 









Time-resolved particle size distributions, total number concentrations of particle 
(>2.5 nm), concentrations of SO2, and chemical composition of atmospheric aerosol 
were simultaneously measured in February and November, 2013. During the 
observation period, eight NPF events in February and four NPF events were identified 
during observation period, respectively. From meteorological conditions and 
measurement data, NPF events measured at Fukue Island indicated multiple phenomena 
related with the transport of polluted air from East-Asia region. The occurrence of NPF 
event under the existing of long-range transported pollutant was observed, and this NPF 
event was very sensitive to weather conditions as well as pollution level of air mass 
originated in East-Asia region. From the results observed in February and November, 
we found that the characteristics in the initial stage of NPF process were affected by the 
onset time of nucleation burst and variation of SO2 concentration at that time. In 
addition the other possibility is that the NPF occurred in the upstream region before 
reaching to Fukue Island. In order to investigate the formation condition of new 
particles, it is necessary to measure the nanoparticles of nuclei with diameter smaller 
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Chapter 5.  Optimization of operating condition for 
particle size magnifier to detect the nanoparticle nuclei 
generated by NPF process 
5.1 Introduction 
In order to investigate the formation condition of new particles, it is necessary 
to measure the nanoparticles of nuclei with diameter smaller than 3 nm generated in the 
earliest stage of the NPF. The optimization of operating condition of the nanoparticle 
counter, particle size magnifier (PSM), which was developed by Ito et al. (2011), was 
conducted. Diethlylene glycol (DEG) is used as working fluid under lower temperature 
operating condition.  
 
5.2 Structure of PSM and experimental conditions 
The schematic diagram of PSM used in this study is shown in Figure 5-1. The 
basic structure is same as that reported by the previous work (Ito et al., 2011). The PSM 
is composed of an evaporator, a mixing part and a growth tube. In the evaporator, DEG 
(working fluid) is fed to a sintered porous metal filter at a constant flow rate by a 
syringe pump. The metal filter is heated to an evaporation temperature, Te, where all the 
liquid DEG is completely evaporated, and evaporated DEG is entrained by nitrogen gas 
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(N2). Accordingly, the feed rate of DEG vapor into the mixing region is accurately 
controlled. This evaporation system can control the vapor concentration by changing the 
feed rate of liquid DEG without changing the evaporation temperature; accordingly, 
DEG/N2 mixtures with different concentrations at a constant temperature can be fed to 
the mixing part. In the mixing part, incoming aerosol is cooled to aerosol temperature, 
Ta, prior to mixing by using a Peltier cooling device. Our new PSM can control the 
value of Ta, and this is an important upgrade from our previous version (Ito et al., 2011). 
The value of Ta was maintained at either 0, 10 or 20 0.1°C in this study.  
 
 
Figure 5-1. Schematic diagram of PSM used in this study. 
 
 




At the center of the mixing part, cold aerosol and hot DEG vapor are mixed 
near adiabatically in a narrow space which is separated from walls, and the DEG vapor 
become supersaturated due to the decrease in temperature after mixing. The mixing 
region is designed to minimize wall depositions of working fluid vapor. The 
temperature after the adiabatic mixing is defined as nucleation temperature, TN, and 
closely approximated by 
,     (1) 
where c is the heat capacity of carrier gas, T is the temperature and Qm is the mass flow 
rate of carrier gas. The subscripts, “e”, “a” and “i” represent vapor, aerosol and mixture, 
respectively. The saturation ratio of DEG vapor, S [-] , is given by 
,    (2) 
where pis is the saturated vapor pressure at nucleation temperature, and its values were 
calculated using an expression in a form of Antoine equation as it was done by 
Vanhanen et al. (2011). The symbol pi is the vapor pressure of DEG after the mixing, 
and is given by  
        (3) 
where QDEG is the volumetric flow rate of liquid DEG, is the liquid density of 
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In order to investigate the effect of the nucleation temperature on the counting 
efficiency of the PSM, we conducted experiments under conditions shown in Table 1.  
 















14.3 2.5 0.5 273.15 373.15 289.82 50 
10.7 2.5 0.5 283.15 373.15 298.15 120 
7.7 2.5 0.5 293.15 373.15 306.48 250 
 
5.3 Optimal operation condition of PSM 
5.3.1 Effect of nucleation temperature on heterogeneous nucleation 
  The effect of nucleation temperature on the heterogeneous nucleation inside 
the PSM can be analyzed using Kelvin-Thomson theory on ion-induced nucleation, 
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where v1 is the volume of a molecule, k is the Boltzmann’s constant,  is the surface 
tension,  is the dielectric constant, and0 is the space permittivity. Equation 4 has a 
maximum at the particle diameter given by 
RSp RD
6/5
@ 4max            (5) 
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6exp  .          (7) 
According to the classical theory on the ion-induced nucleation, when S is equal 
to Smax the vapor nucleate onto all charged nuclei. Accordingly, the critical 
supersaturation has a constant value Smax across particle diameter smaller than . 
Recently, Fernández de la Mora (2011) has shown that a finite residence time in 
a super-saturated region of a CPC condenser reduces the minimum detectable size since 
a longer residence time increases the probability of pre-nucleation clusters to overcome 
the energy barrier of ion-induced nucleation. The study has shown that experimentally 
observed size-dependent activation efficiencies were well predicted by the theory after 
accounting for the residence time inside their PSM condenser.   
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DEG and particle diameter at three different nucleation temperatures (16.7, 25.0 and 
33.3°C) calculated by Equation 7. At a fixed particle diameter an increase in 
temperature decreases the critical supersaturation. The chemical-potential-difference 
between vapor and liquid molecule linearly increases with nucleation temperature the 
higher temperature requires less supersaturations to maintain the difference (Seinfeld 
and Pandis, 1998). Consequently, higher nucleation temperature reduces the energy 
barrier for heterogeneous nucleation. Results suggest that a higher temperature is 
favorable for activating smaller particles at a given value of S as long as the vapor 
molecules do not homogeneously nucleate.   
 
 
Figure 5-2. Relation between critical supersaturation and particle diameter of DEG 
vapor at three different temperatures.       
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5.3.2 Effect of nucleation temperature on homogeneous nucleation  
Homogeneous nucleation of working fluid vapor inside CPCs induces false 
counts, supersaturation needs to be lowered to suppress the homogeneous nucleation of 
DEG. The rate of homogenous nucleation, J, can be predicted by the classical 
nucleation theory (Friedlander 2000)  
,      (8) 
where C1 is the total number concentration of vapor monomer molecules under 
supersaturation, m1 is the mass of a molecule.  
The experimental homogeneous nucleation rate of DEG vapor, J is obtained as 
J = C/tres, where C is the number concentration of droplets at the outlet of the PSM and 
tres is the residence time in the condenser (the mean residence time calculated from the 
volume and flow rate of condenser was approximately 1 second). At S =14.3 
(TN=16.7°C), 10.7 (TN =25.0°C) and 7.7 (TN =33.3°C), particle number concentrations 
measured by the CPC at the outlet of PSM were as low as the value when a filter is 
attached to the CPC inlet. Nucleation rates of DEG vapor at three different temperatures 
in this study were calculated as a function of saturation ratios using Equation 8. Figure 
5-3 shows the calculated values along with experimentally observed homogeneous 
nucleation rates. The saturation ratios in the experiments, which were calculated by 
Equation 1-3, were controlled by changing the flow rate of DEG liquid while holding 
the nucleation temperature at a constant value. The solid and broken lines represent the 
theoretical values at different temperatures, while symbols are the experimental values 
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measured using the PSM. The temperature dependence of experimentally observed 
homogeneous nucleation rates follows the theoretical trend. Under the lower 
temperature, collision rate among DEG vapor molecules is significantly reduced for a 
constant supersaturation since vapor pressure has power-law dependence on gas 
temperature. However, the results clearly showed that experimentally observed 
saturation ratios at a fixed J were much lower than the theoretical predictions. 
Experiments showed that homogeneous nucleation rates were negligibly small when the 
supersaturations were smaller than 7.7, 10.7 and 14.3 when nucleation temperatures 
were 33.3, 25.0 and 16.7°C, respectively.   
 
  
Figure 5-3. Homogeneous nucleation rates of DEG vapor. Lines are the values predicted 
by a classical nucleation theory, and symbols are actual values measured using the PSM.
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5.3.3 Theoretical evaluation of minimum detectable sizes of PSM under 
negligible false counts 
Since we know the maximum supersaturations of DEG vapor while keeping the 
false counts at undetectable level at each nucleation temperature; now we can estimate 
the size detection limits of PSM using ion-induced nucleation theories. Figures 5-4 to 5-
6 show relationships between critical supersaturation and particle diameter when 
nucleation temperatures are 33.3, 25.0 and 16.7°C, respectively. In these figures, the 
solid lines are the Kelvin-Thomson relationship, and the broken lines are saturation ratio 
required to activate half of sampled nuclei within the residence time inside the 
condenser of PSM (approximately 1 second). Figure 5-4 shows the relationship between 
particle diameters and critical supersaturation when the nucleation temperature is 
33.3°C. At this temperature, DEG vapor nucleated homogeneously at S larger than 7.7 
(the shaded area of the graph). Size range bounded by two intersecting points between 
theoretical curves and the lower boundary of shaded area is the theoretically predicted 
range of minimum detectable sizes of PSM for electrically charged particles. The 
minimum detectable size range is 2.7-3.1 nm when the nucleation temperature is 33.3°C. 
The size ranges decrease to 2.2-2.8 nm and 1.9-2.6 nm when the nucleation 
temperatures are decreased to 25.0oC and 16.7oC, respectively (Figure 5-5 and 5-6). 
Theoretically, the minimum detectable size decreases as the nucleation temperature 
decreases because higher supersaturation is required to trigger homogeneous nucleation 
of DEG vapor when the temperature decreases. It is considered that the homogeneous 
nucleation rate decreases relatively faster compared to the heterogeneous nucleation 
when a nucleation temperature decreases because the homogeneous nucleation is a 
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stronger function of temperature than heterogeneous nucleation. 
 
 
Figure 5-4. Theoretically estimated relationship between the critical supersaturation 
versus particle diameter. Solid lines are critical saturation ratio calculate using Kelvin-
Thomson relation, and dashed lines are saturation ratio required to activate half of the 
sampled nuclei within the residence time inside the condenser of PSM. In the shaded 
area homogeneous nucleation of DEG vapor was observed to occur inside the PSM. 
Nucleation temperature is 33.3°C. 
 
 




Figure 5-5. Theoretically estimated relationship between the critical supersaturation 
versus particle diameter. Solid lines are critical saturation ratio calculate using Kelvin-
Thomson relation, and dashed lines are saturation ratio required to activate half of the 
sampled nuclei within the residence time inside the condenser of PSM. In the shaded 
area homogeneous nucleation of DEG vapor was observed to occur inside the PSM. 
Nucleation temperature is 25.0°C. 
 
 




Figure 5-6. Theoretically estimated relationship between the critical supersaturation 
versus particle diameter. Solid lines are critical saturation ratio calculate using Kelvin-
Thomson relation, and dashed lines are saturation ratio required to activate half of the 
sampled nuclei within the residence time inside the condenser of PSM. In the shaded 
area homogeneous nucleation of DEG vapor was observed to occur inside the PSM. 
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5.4 Experimental evaluations of counting efficiencies of the 
PSM 
Performance of the PSM was characterized by evaluating the size dependent 
counting efficiencies. Figure 5-7 and 5-8 show the schematic of experimental setup used 
to measure the counting efficiencies. Silver nanoparticles and tetra-alkyl-ammonium 
mobility standard molecular ions were used as test aerosols. The silver nanoparticles 
generated by the evaporation-condensation method (Scheibel and Porstendöerfer 1983) 
(carrier gas: N2) were diluted and classified by a differential mobility analyzer (DMA, 
model 3085, TSI Inc.) to obtain DMA-classified particles in 3 to 10 nm particle 
diameter range (Figure 5-7). The mobility standard ions were generated by using an 
electrospray (Ude and Fernandez de la Mora 2005) with N2 as a carrier gas, and 
classified by a homemade high-resolution DMA (HR-DMA). The DMA was running at 
5 L/min aerosol flow rate and 200-250 L/min sheath flow rates; therefore, theoretical 
mobility resolution expressed as a full-width half maximum (FWHM) was 2-2.5 % 
(Figure 5-8). Both test particles were introduced to the PSM and aerosol electrometer 
(AE) (model 3068B, TSI Inc.). Particle concentrations downstream of the PSM were 
measured using TSI Model 3775 CPC. Prior to the experiments using the PSM, 
counting efficiencies of the 3775 CPC were calibrated at National Institute of Advanced 
Industrial Science and Technology (AIST), Japan. AIST maintains an Faraday-cup 
aerosol electrometer which is the national primary standard for aerosol particle number 
concentration (Sakurai et al. 2008; Sakurai and Ehara 2010). Calibration results showed 
that the value of Dp50 was 4.5 nm approximately, and the counting efficiencies at sizes 
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larger than 20 nm were 95%, and the values were nearly constant. The particle diameter 
after condensational growth through the PSM was measured using an optical particle 
counter (OPC, RION, model KC-01E). The droplet diameters were about 1.0 m. In 
order to compensate for transport losses through sampling lines to the PSM and AE, the 
tubes with the same length and the same flow rate were used. The counting efficiencies 
were calculated from particle number concentrations measured by the CPC and AE after 
accounting for the dilution caused by mixing the aerosol flow and evaporator flow. The 
counting efficiency of the PSM, PSM, is given by the following equation: 
               (9) 
where CPSM is the concentration measured by the CPC downstream of the PSM, CAE is 
the concentration measured by the AE, Qe is the volumetric flow rate through the 
evaporator, and Qa is the volumetric flow rate of aerosol. CPC is the counting 
efficiencies of the CPC at sizes larger than 20 nm. 
[( ) / ]
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Figure 5-8. Experimental setup for measuring counting efficiency of tetra-alkyl ions. 
 
Figures 5-9 and 5-10 show measured counting efficiencies as a function of 
mobility diameter. The shaded areas in the figures are the range of theoretically 
predicted minimum detectable sizes as already shown in Figures 5-4 to 5-6. In order to 
compare theoretical and experimental results on particle diameters under the same 
definition, theoretically predicted sizes were converted from geometrical diameter to 
mobility diameter by adding 0.3 nm following a recent study on the size-mobility 
relation by (Ku and de la Mora 2009). Figure 5-9 shows measured counting efficiencies 
as a function of mobility diameter when nucleation temperature was 33.3oC. When the 
saturation ratio was 7.7, at which vapor molecules did not homogeneously nucleate, the 
value of Dp50, was 3.0 nm, and the particle diameters which crossed the measured 
counting efficiency curve at 90%, Dp90, was 6.2 nm. When nucleation temperature was 
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lowered to 16.7oC (Figure 5-10) the saturation ratio could be raised to 14.3; as a result, 
the value of Dp50 decreased to 2.2 nm, and molecular ions with diameter as small as 1 
nm could be detected. Table 5-2 summarizes the value of Dp50 and Dp90.   
 
 
Figure 5-9. Counting efficiencies as a function of mobility diameter at TN =33.3°C. The 
gray areas are theoretically predicted range of the minimum detectable sizes. The solid 
line at lower size bound of the shaded area accounts for the finite residence time inside 
the condenser, and the broken line at upper size bound is the critical size predicted by 
the Kelvin-Thomson relation. 
 
 




Figure 5-10. Counting efficiencies as a function of mobility diameter at TN =16.7°C. The 
gray areas are theoretically predicted range of the minimum detectable sizes. The solid 
line at lower size bound of the shaded area accounts for the finite residence time inside 
the condenser, and the broken line at upper size bound is the critical size predicted by 
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14.3 16.7 2.2 5.7 
10.7 25 2.9 6.1 
7.7 33.3 3.0 6.2 
 
Figure 5-10 shows that counting efficiencies of tetra-alkyl-ammonium ions and 
singly charged silver particles can be represented by one curve indicating that chemical 
affinity between DEG and these two materials are similar. Summary of Dp50 in Table 5-2 
clearly indicates lower nucleation temperature was favorable for detecting smaller sized 
particles since saturation ratio could be increased to higher value without inducing 
homogenous nucleation of DEG vapor.   
As shown in Figures 5-9 and 5-10 experimentally evaluated Dp50 agree well 
with theoretically predicted values. The agreement was slightly better when the effect of 
finite residence on the nucleation probability was included. These experimental results 
suggest that condensing DEG molecules could perfectly wet the surface of these 
particles. Previous experimental studies also reported similar trend, in which 
condensing vapor perfectly wetted surface of insoluble particles (Porstendörfer et al. 
1985; Chen and Tao 2000; Wagner et al. 2003). One potential explanation for this trend 
is that actual critical diameter was greater than the seed particle diameter; therefore, 
saturation ratios required to activate the growth of these critical clusters were lower than 
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the theoretical values which assumed the diameter of critical clusters and seed particles 
were equal. (Winkler et al. 2011; Winkler et al. 2012) proposed that actual critical 
cluster consisted of condensing molecules and seed particles. In order to evaluate the 
number of these “excess” molecules heterogeneous nucleation probabilities needs to be 
measured as a function of saturation ratios at a constant temperature (Winkler et al. 
2011; Winkler et al. 2012) or as a function of “dry” seed particle diameter (Kulmala et 
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5.5 Application of PSM 
As an application of the PSM designed in this study, the size distribution of 
sulfuric acid particle formed in the atmosphere by photooxidation of SO2 was measured. 
The formation of secondary particles in the atmosphere was simulated by a model and 
the nucleation rates size distribution of the secondary particles were measured using the 
PSM. In the model experiment, the secondary particles were generated by irradiating the 
UV light at a specific SO2 concentration and humidity. Then the number concentration 
of particles was counted using the PSM and three CPCs to calculate the nucleation rate. 
Moreover, the PSM and the nano-differential mobility analyzer (nano-DMA) were 
combined to measure the size distribution of secondary particles. Figure 5-11 shows the 
change in nucleation rates of sulfuric acid particle. The nucleation rates measured by the 
PSM tended to be higher and accurate than the values measured by other CPCs. Figure 
5-12 shows the size distribution of sulfuric acid particles measured with the PSM. It is 
indicated that the size distribution of sub-10 nm particles can be studied when 
combining it with nano-DMA. As such, the PSM developed in this study proved to 
accurately measure the number concentration and size distribution of sub-10 nm 
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Figure 5-11. Nucleation rates of sulfuric acid particles formed via photochemical 
reaction of SO2. 
 
 




Figure 5-12. Size distribution of sulfuric acid particles formed via photochemical 









Diethylene glycol (DEG) was used as the working fluid to improve the 
performance of PSM. Also, effects of nucleation temperatures on the homo- and 
heterogeneous nucleation of DEG vapor were investigated. The results showed that a 
lower nucleation temperature was favorable for activating smaller ions and 
nanoparticles while suppressing the rate of homogeneous nucleation at undetectable 
level. Measured size-dependent counting efficiencies agreed well with theoretical 
predictions. The theoretical prediction indicated that the minimum particle diameter 
nucleated decreases from 2.7 to 1.9 nm when the nucleation temperature is lowered 
from 33.3oC to 16.7oC (residence time of 1 second). On the other hand, the values of 
Dp50 of measured counting efficiencies of the PSM decreased from 3.0 nm to 2.2 nm 
when the nucleation temperature was lowered from 33.3oC to 16.7oC. When nucleation 
temperature was 16.7oC molecular ions as small as 1 nm could be detected. The values 
of Dp50 agreed well with ion-induced nucleation theory in which condensing DEG 
molecules could perfectly wet the surface of insoluble particles. Moreover, the PSM 
optimized in this study can accurately measure the number concentration and size 
distribution of sub-10nm particles and can be used to analyze the initial stage of new 
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Chapter 6.  Summary and Conclusion 
6.1 Overall summary 
Gas to particle conversion process occurred in atmospheric environment 
referred as new particle formation (NPF). NPF is considered to be a source of 
atmospheric aerosol. The particles generated by NPF have a significant impact on the 
balance of solar energy reaching the Earth’s surface. In the initial stage of NPF, sudden 
increase in the concentration of particle smaller than 10 nm in mobility diameter and 
subsequent growth lead to “banana” shape curve. Such growth curve is used to 
identification of the NPF. In order to characterize NPF, particle formation rate (or 
nucleation rate), particle growth rate, condensation sink, concentration of condensable 
vapor and vapor source rate have been measured in various locations. In this study, to 
understand characteristic of NPF process occurred in East-Asia region, where the long-
range transport of pollutants takes place occasionally, field observations were carried 
out.  
The first field observation was conducted at Fukue Island supersite (128.7°E, 
32.8°N) in March 2012 using a scanning mobility particle sizer (SMPS) which measures 
the size distribution ranging from 14 to 640 nm. As a result, increase in particle number 
concentration (nucleation burst) and the formation of nanoparticles (<20 nm) were 
observed at the peak of UV intensity, which was a new particle formation (NPF) event 
detected in Fukue for the first time. Large-scale transport of pollutants (transport event) 
was observed twice as the increases in concentration of PM2.5 and SO2.One of transport 
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event was associated with NPF, but the detail of this complex phenomenon has not been 
fully understood due to the lack of instrument detecting particles smaller than 14 nm.  
In order to measure the size distribution of particle less than 14 nm generated in 
the initial stage of the NPF, additional field observations were conducted in February 
and November 2013 using a SMPS equipped with nano-differential mobility analyzer 
(nano-DMA), which can classify nanoparticles as small as 3 nm. Through the 
comparison with the data of 2012, the variations of size distribution of nanoparticle 
during the NPF were evaluated in more detail. The onset time of NPF event was slightly 
earlier than a peak of UV irradiation, and the time variations of particle size distribution 
exhibited clear banana-shape curve. Such NPF events were observed eight times in 
February and four times in November, 2013. The initial particles size recorded in 
February were smaller than those observed in November. It is possible that the NPF 
observed in November occurred in the upstream region before reaching to Fukue Island. 
In order to investigate the formation condition of new particles, it is necessary to 
measure the nanoparticles of nuclei with diameter smaller than 3 nm generated in the 
earliest stage of the NPF..  
The operating condition of particle size magnifier (PSM) was optimized to 
detect nanoparticles smaller than 3 nm. To improve the activation efficiency of 
condensable vapor, diethylene glycol (DEG) was used as the working fluid under lower 
temperature condition. The results showed that a lower nucleation temperature was 
favorable for activating smaller ions and nanoparticles while suppressing the rate of 
homogeneous nucleation at undetectable level. Measured size-dependent counting 
efficiencies agreed well with theoretical predictions. The theoretical prediction indicated 
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that the minimum particle diameter nucleated decreases from 2.7 to 1.9 nm in 
geometrical diameter when the nucleation temperature is lowered from 33.3oC to 16.7oC. 
On the other hand, the values of Dp50 of measured counting efficiencies of the PSM 
decreased from 3.0 nm to 2.2 nm in mobility diameter when the nucleation temperature 
was lowered from 33.3oC to 16.7oC. When nucleation temperature was 16.7oC 
molecular ions as small as 1 nm could be detected. In addition The values of Dp50 
agreed well with ion-induced nucleation theory in which condensing DEG molecules 
could perfectly wet the surface of insoluble particles. Furthermore, the size distribution 
of sulfuric acid particles can be studied when combing PSM with nano-DMA. 
Consequently, the PSM optimized in this study can accurately measure the number 
concentration and size distribution of particles as small as 2 nm and can be used to 
analyze the initial stage of new particle formation (NPF) process. 
 
6.2 Suggestions for further work 
Nucleation and growth phenomena (NPF event) in atmospheric environment is 
one of the current issues. Number concentrations of particle generated by NPF process 
affect total number concentration of atmospheric aerosol and thereby effecting climate 
change and human health. Although further analysis and long-term observations might 
be necessary, the characteristics of the NPF events occurred at Fukue Island in Japan 
were identified in relation to the long-range transport. The finding in this thesis can 
provide the insights into understanding correlation between NPF and long-range 
transport of pollutants occurred in East-Asia region.  
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Particle size magnifier (PSM) has significant potential on the detecting of sub-3 
nm particles. The finding in this study can provide the information to develop the 
mixing-type particle counter. There is a weakness in our PSM system. One important 
future work is to improve the speed and precision of controlling saturation ratio inside 
the mixing part of the PSM while nucleation temperature is held at a constant value. It is 
also important to evaluate uncertainties of a set saturation ratio. Achieving the goal 
would expand the opportunities for studying the heterogeneous nucleation of various 
working fluids since experiments can be performed under steady states by combining 
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